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Abstract

Low-energy (keV) Siions are implanted on mask-pattered Si wafer at doses above amorphization threshold for a variety of implantation
conditions (ion dose, energy, temperature) and post-implantation annealing. Precise measurement of the surface swelling (step-height) on t
amorphous Si layer was carried out using an atomic force microscope (AFM). Thickness and microstructure of the ion-damaged layer wa:
evaluated by transmission electron microscopy (TEM) measurements. The measured step-height in excess to that contributed by implante
ions shows a cube root dependence on the Si ion dose. The swelling heights studied for two different energies of Si ions show identica
step-heights. Implantation at low temperature (77 K) shows a reduced step-height, indicating possible contribution of migrated Si atoms in
the swelling. We propose that excess swelling is caused by migration and segregation of the displaced Si atoms from the bulk to the surfac
leaving behind corresponding vacancies in the lattice. Ellipsometric studies of the similarly damaged layer profile provide supporting evidence
for surface segregation of Si atoms over the amorphous layer.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [4] and GaSH5] have shown that formation of nanopores
or voids is responsible for the swelling of the implanted re-
lon implantation is widely used for doping and various gion. However, no such nanostructures have been found in
other applications in semiconductor device fabrication. Dur- ion-implanted amorphous Si. There has been some indica-
ing high dose implantation the accumulated damage duetion about uniaxial lattice expansion in ion-implanted @i
to lattice displacements gives rise to amorphous structure,but its magnitude was found substantially larger than the pre-
which may depend on various parameters of implantation. In dicted value in uniaxially strained crystalline silicon, indi-
the literature, ion implantation-induced amorphization has cating possible contribution from other sources. Swelling ef-
been associated with a change in volume or density of thefect has been observed in diamond and has been explained
host material, which results in surface expansion or swelling assuming that the amorphous region contains vacancy-rich
(achange in linear dimensions) of the implanted re¢loa]. regions[7]. Similarly, He-implanted Si has shown surface
Experiments with materials to be used as afirst wall for future swelling[8]. Tamulevicius et a[9] proposed a simple model
reactors have revealed that relative elongatigd-8iC under for radiation swelling in silicon. However, detailed quantita-
neutron irradiation can be as high as 0.[8} The swelling tive studies have not been performed on the mechanism of
effect has been observed in a variety of other common semi-swelling in silicon. Positron annihilation studies on silicon in-
conductors such as Si, Ge, SiC, GaAs, etc. However, the ex-dicate that vacancy clusters are formed in the ion-damaged re-
act mechanism behind such expansion in Si has not beergion[10-12] On the basis of swelling studies, ion-implanted
understood properly. Studies on amorphized regions of Gepure amorphous Si (a-Si) was believed to be 1.7% less
dense that crystalline Si (c-Sfl]. However, contribution
* Tel.: +91 3612582703; fax: +91 3612690762 from point defects to density change has not been taken into
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In this work, we have studied the swelling effect in ion- Implanted
implanted Si for a wide range of ion dose, ion-energy, im- region  ynimplanted
plantation temperature and post-implantation annealing con- ‘ region
ditions. Swelling height is precisely measured using atomic l
force microscopy (AFM), while thickness and microstructure
of the amorphous layer were measured by cross-sectional *
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transmission electron microscopy (XTEM). We argue that
surface-migrated Si atoms primarily contribute to the extra
physical step-height in the implanted region.

2. Experimental details

CZgrown Si (10 0) wafers were used for the present study.
Using photoresist mask of varying stripe width (0.2—5r0)
on Si wafer, alternating stripes of amorphous Si (a-Si) and

crystalline Si (c-Si) were produced by 80keV Si ions im-
Fig. 1. An AFM image of the step-height (swelling) observed in 80 keV

planted at room temperature to various doses in the range_?". _ )
6 x 10410 6 x 106 ions/cn?. After removal of the photore- Si"-implanted at room temperature on a masked Si wafer, with dose

X ) : - p 6 x 10 ions/cn?. Unimplanted region corresponds to masked region of
sist mask, the step-height (swelling) at the boundary betweenimplantation.

implanted and unimplanted region was measured using an
AFM. Measured heights at several stripes were averagedijar gpservation has been made for 80 keV He-implanted sil-
for sufficient accuracy in swelling data. The horizontal scan j-on at a dose of & 106 ions/cn? [8]. However, saturated
length for the AFM measurement was chosen to cover aboutgien height with He implants was comparatively less than the
five alternating stripes of implanted and unimplanted regions, height measured for Si implants, primarily due to the differ-
which allows averaging of the measured swelling. The thick- ¢ce in jon mass. Note that the minimum dose used in this
ness and quality of the amorphous layer was measured withy;qri corresponds to amorphization dose for Si, and with in-
XTEM. Post-implantation isochronal annealing was carried reasing dose the thickness of the amorphous layer increases
outatvarious temperatures in the range 450-120@ Steps 54 hecomes uniform. During the amorphization of the im-
0f 200°C in flowing N> gas and swelling was measured after pjanted Sj layer, defect interaction takes place. At shorter
each step of annealing. stripe width, migrating defects in the adjacent layer may in-
teract and due to the annihilation of defects, swelling height
) _ is reduced. Further, in the implanted layer vertical strain is
3. Results and discussions higher than the horizontal strain in the layer. In case of closely

Fig. 1 shows a typical AFM image of the 80 keV Si im-
planted on the masked Siwafer at a dose of)*®ions/cn?
subsequent to the removal of the photoresist mask. Sharp ver-
tical steps between implanted and unimplanted regions due
to surface swelling in the ion-damaged layer are clearly seen
inthe figure. Typically several nanometers of step-heights are
observed depending on the ion dose. The spike-like structure
seen atthe edge of the implanted region results from the resid-
ual photoresist layer at the boundary. The actual swelling is
measured by using the flat portion of the image and averaging
it over multiple stripes. Itis found that difference in measured
values for several stripes show variation much below 0.5 nm. 4 Ay h—A—aA A A A
Due to atomic resolution in the scanning probe, AFM tech- |
nique offers quite high resolution compared to other conven-

80 keV Si” on Si(100)
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tional methods of step-height measurements. 00 1 2 3 ; 5
Fig. 2shows a plot of measured step-height for three dif- o
ferent doses of Si implants as a function of stripe width. At Strip Size (m)

lower doses, swelling is found to be independent of the stripe _. _ _ N _
. hereas at higher dose (i.e 606 ions/cn?) it shows Fig. 2. Step-height plotted as a function of stripe-width of masked Si wafers
Size, w g €% for three different doses: 6 10, 6 x 101°and 6x 10'8ions/cnt. Athigher

clear stripe SiZ? dependencel. In partif:ular, _fOI‘ st-ripes b_elowdoses, clear stripe size dependence of swelling is observed bel@m3.0
3.0pm step-height reduces with lowering stripe widths. Sim- stripe size. Dotted line passing through the data points is a guide to the eye.
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Annealing temperature ("C)
ing at 1200°C. The as-implanted sample shows a uniform
Fig. 3. Measured step-height after annealing at various temperatures foramorphous layer whose thickness varies with ion dose, and a
three different doses. sharp amorphous—crystalline (a/c) interface is seen for high
dose. Upon annealing up to 1200, extended defects such
spaced stripes, interaction of the induced strain from adjacentas dislocations are formed at the original a-Si/c-Si interface
stripes in the damaged layer may cause relaxation of strainas shown inFig. 4B). Therefore, the extra step-height in
resulting in lesser step-height. The effectis pronounced whenthe annealed sample can be related in part to the volume oc-
implanted ions themselves add measurable volume inthe hostupied by the extended defects in the a/c interface. During
lattice as in the case of very high dose and heavy ionimplants.the high dose implantation, point defects that escape direct
We have used the saturation value of step-height in each casgecombination form defect clusters due to their close prox-
for quantitative analysis. imity, and must contribute to the structure of the a-Si in the
In Fig. 3, the annealing characteristic of the swelling is subnanometer length scale. These defect clusters show high
shown as a function of step-by-annealing temperatures forthermal stability; in particular, the vacancy clusters in silicon
three different doses. For different doses, the swelling de- can be stable up to as high as 8@depending upon the
cay characteristic as a function of temperature is found to ion dose[13,14] In pure a-Si, direct evidence for the dom-
be similar. Annealing at 450C does not show any measur- inance of pentavacancy and hexavacancy clusters have been
able change in the step-height. However, a marked reductionobtained from positron lifetime studi¢2]. In the present
in swelling is observed upon annealing at 6&0for all the case, the annealing behavior showrFig. 2 also suggests
samples, and the swelling reduces nearly exponentially with that higher order vacancy clusters are present in pure a-Si.
temperature upon further annealing up to 860indicating a To understand further the contribution of defects, we have
thermally activated process. Finally, the step-height reducesstudied the effect of ion-energy on the swelling heilg. 5
to a minimum after annealing at 1200, though lower dose  shows XTEM images of the a-Si layer that are formed with
samples recover at a relatively lower temperature as shown80 and 40 keV Siions at a dose ok6L0 ions/cnt. In both
in Fig. 3 Note that for the highest dose %610 ions/cnf),
the residual step-height of 16 nm after 12@annealing is
larger than the height contributed by the implanted ions, as-
suming their rearrangement on a perfect crystalline Si (10 0) . A
lattice. The pure a-Si layer is known to regrow at or above ahegesd 40 keV'Sy
550°C and we observe a change in height at85@ue to the
recrystallization. However, if the excess step-height was con-
tributed by the lattice expansion only the step-height would
be negligible after recovery of the a-Si layer. Usually the de- \ /
fects present in the amorphous layer partially anneals out at terfa Si surface . Pl
a lower temperature. However, in case of high dose implan- = a/c intertacy
tation the |on_-damage related lattice St”?"” IS partly.rEIeasedFig. 5. XTEM image showing the comparison of a-Si layer thickness for 40
by the formation of extended defects during annealig. 4 and 80 keV Siimplants on Si at a dos& @0 ions/cnt. Implant (40 keV)
shows cross-sectional TEM images of the ion-implanted (at shows a thickness of about half that of the 80 keV implant, though swelling
a dose of 6« 10'%ions/cn?) layers before and after anneal-  was identical in both cases.

200 nm
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cases uniform amorphous layer is formed from the surface. 16
The thickness of the amorphous layer is found to2¢0 nm i ®  Eopsrimenml 'y

for 80 keV and~110 nm for 40 keV Si ions. However, AFM Hro . itted L ’
measurements show exactly identical swelling in both cases. I ]
If the swelling has to occur due to lattice expansion in the i !
amorphous layer, different layer thickness would give rise to
different swelling height, which is contrary to our observa-
tion. Hence, lattice expansion proposed in the literaf6}e
cannot fully account for the observed swelling. Oxygen ion-
implanted amorphous Si layer showed a swelling of 22 nm
foramorphous layer-thickness of only 50 fit®]. Therefore,
swelling could not be related to the lattice expansion. These ar e -
results have been explained on the basis of plastic flow of 0 ’
materials under irradiatiofi 6]. Plastic flow of materials has s
been explained to be a result of spatial distribution of the B . . , . . .
vacancies and interstitial atorfis/]. In silicon, suppression 0 1x10° 2x10° 3x10° 4x10°
of the radiation swelling at high temperatures of the sub-
strate or high beam-current densities has been explained by (Dose)
the annihilation of radiation defecf$2]. For such a defect- _ _ _ o
mediated process, the radiation swelling is expected to have"'9: 8- Excess step-heightas afunction of cube root of dose in as-implanted
. Si. The dashed line represents a linear fit to the experimental data passing
a maximum at an elevated temperature. For low tempera- i, ugh the origin.
ture it is limited by the slow diffusion process; when at high
temperatures dynamic annealing and recrystallization of the
implanted sample takes place. For a quantitative understanding, the extra height added by
We further studied the effect of implantation tempera- the implanted ions and sputtering effect must be taken into
ture on the swelling height. Implantation at low temperature account. To calculate the height added by the implanted ions,
(77 K) showed reduced swelling (20 nm) as compared to theit is assumed that extra atoms are arranged on the (100)
swelling measured for room temperature (296 K) implants planes of the original Si lattice and sputtering induced re-
(22 nm) at a dose & 10*%ions/cn?. Since the implantation-  moval of the Si layer has been taken into account. Thus the
induced point defects are less mobile at low temperature andcalculated/expected step-height due to the volume occupied
a fraction of these defects do not reach the surface, the re-by the ions and excess step-height are showralrie 1
duced swelling is clearly indicative of the defect-controlled Dose dependence of the excess step-height is plotted in
mechanism for the growth of the excess swelling. However, at Fig. 6, where the experimental data are shown with symbols.
77 K Siinterstitials are quite mobile as compared to the Siva- Excess step-height shows a cube root dependence on dose as
cancies. Therefore, reduction in swelling is not so substantial evidenced by the linear fit passing through the origin (dashed
at 77 K. We believe that effect of implantation temperature line). This is very similar to the cube root dose dependence
on swelling would be more pronounced for implantation at of strain in ion-implanted Si reported by Tamulevicius et al.
cryogenic temperatures (<10 K). [9], and cube root dose dependence of the vacancy concen-
Table 1shows the measured swelling height and thickness tration in Si reported by Krause-Rehberg and Leigid&i.
of the a-Si layer for different doses. Measured swelling ex- In both cases, defect-mediated process was proposed for the
hibits a sublinear dependence on the dose. The damage evoebserved effect. This striking similarity of the dose depen-
lution leading to amorphization in Si is also known to vary dence for vacancy concentration and excess step-height in
sublinearly with dose due to dynamic annealing of defects. self-ion-implanted Si strongly suggest a correlation between
vacancy concentration and swelling in ion-irradiated Si. The
annealing behavior of the swelling shownRig. 3is qual-
Table 1 o _ itatively similar to the annealing of open volume defects in
Sur_nmary of the mggsured de_tta for a-Si thickndpauid step-height) for heavily damaged silicofi8].
various doses of Si implantation . L. .
The annealing characteristics of the observed swelling
strongly suggest that the region directly modified by the ions

0 1

Excess step-height (nm)

1/3 -2/3
)

(cm

Dose (ions/crf) d(nm) Measuredh  Expectechdue Excessh

(nm) toions volume (nm) 2 . .
(nm) contains excess vacancies or open volume defects. Despite

6.0 10 128 7 012 292 the incorporation of extra ions in th(=T Iat.t|ce during |mpla.nta—
1.6x 105 196 6 032 580 tion, the presence of excess vacancies in the bulk Woyld imply
6.0x 101 209 75 121 676 that a fraction of the displaced silicon atoms must migrate to
1.8x 10 232 12 363 a79 the surface and should contribute to the swelling. In keV ion-
3.6x 1016 236 17 726 1259 i i i i imi

ox : implanted Si, the displaced atoms due to their close proximity
6.0x 10'6 248 22 1210 1465

to the surface can migrate toward the surface and leaves ex-
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cess vacancies in the damaged region. The change in averageonsisting of the layers I-IV as shown in the insefdd. 7.
bond length and the distortion in bond angle result in a struc- The experimental data is shown with symbol (open circles)
ture with more open volume than that present in crystalline Si and the fitted data is shown as solid lin€ig. 7for two differ-
[19]. We also note that at high dose, with increasing dose the ent doses. More details of this fitting procedure can be found
change in thickness of the amorphous layer is not as muchelsewherd20]. Our analysis showed that besides the thick
as the change in step-height (Seble ). Hence, swellingis  a-Si layer produced by the direct beam, there is a thin amor-
primarily caused by the Si atoms that have migrated towards phous Si layer (thickness of a few nm) just above the original
the surface. Our explanation is fully consistent with the ob- Si surface and beneath the native oxide layer in all implanted
servation made in Ref8] for He-implanted Si that showed samples. This near-surface a-Si layer (layer II) thickness is
a swelling of 10 nm as compared to the swelling of 22nm about 5nm and it is comparable to the oxide thickness (layer
measured for Siimplants. For identical energy and dose, He,l) measured for different doses. Layer Il merges with layer
being a lighter atom than Si, creates less displacement dam4ll for very high dose implantation, whereas at lower doses
age in Si and correspondingly a fewer atoms migrate to thelayers Il and Il can be distinctly identified with the help of
surface resulting in lesser swelling. Studies with He implan- fitting. At lower dose, layer Ill is a mixture of a- and c-Si
tation showed that number of silicon atoms in the step-height fraction and with increasing dose c-Si fraction diminishes to
was nearly equal to the number of vacancies in the bubbleszero. This layer Il is believed to originate from the redistri-
formed inside the implanted §8] layer. Hence, surface mi-  bution of migrated Si atoms produced by displaced atoms
gration of atoms occurs irrespective of the ion species. from the buried damaged region towards the surface and to
More direct evidence for the accumulation of Si atoms a subsequent segregation process. Note that the amorphous

at the surface comes from ellipsometric study of Ar-ion- layer thickness measured by ellipsometry in Ar-implanted Si
damaged Si layer. For this purpose, 120keV Ar-ions are is quite similar to the thickness measured in Si-implanted
implanted on Si (10 0) wafers above amorphization thresh- Si using TEM imaging. Therefore, ellipsometric results con-
old doses and spectroscopic ellipsometry measurements werstitute a direct verification of the fact that Si atoms indeed
performed to model the a-Si layer with a rotating polarizer migrate to the surface during the room temperature implan-
type ellipsometer in the photon energy range 1.8-5 eV. Imag- tation and contribute to the swelling. Lohner et[2l] have
inary part of the pseudodielectric functiosp) is plotted as made similar observations in heavy-ion-implanted silicon.
a function of energy ifrig. 7 for two different doses. To ob-  Our studies also show that at very high doses, contribution
tain a proper fit to the experimental data, effective medium of the oxide layer (layer 1) would be important for a more
approximation was used to model the ion-damaged layersaccurate analysis of the swelling in[3D].

It may be noted that the surface expansion is likely to

J ——Fitting

e : Multilayer model be different quantitatively for low-energy (keV) and high-
. 1X10-Ar fom [ so 11 energy (MeV) ion implantation due to the different depths of
i 3 ||,’a-73i2' | the defects created. At the keV energy range, lower energy
Ml c-si+as | | ions would produce lesser displacements resulting in lesser
| 10 IV| c-isubstrate | | step-height. However, as the lower energy ions produce dis-
| ¢ Sapermntl placement close to the surface, probability of interstitial Si
w

- atoms to migrate to the surface is more before recombining
with the vacancy and hence more atoms would segregate on
the surface, which compensates for the lesser displacements
per atom finally resulting in same step-height. A closer look
7.8x10 ™ Ar’/cm” at the fitting ofFig. 6reveals that for lower dose, step-height

is higher than that expected from cube root dose dependence.
With increasing dose, the a-Si layer thickness grows and dis-
placed Siatoms is likely to get trapped by the already present
| damaged layer resulting in a lesser step-height than that ex-
pected from undamaged layer. Correspondingly, step-height
at lower doses is found to be higher than that expected from
cube root dose dependence. Hence, cube root dose depen-

S5t ! \ l ‘ \ ] dence of step-heightis more appropriate for high dose regime.
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

€2

O  Experimental
— Fitting

Energy (eV)
4. Conclusions
Fig. 7. Imaginary part of the pseudodielectric functiong 6f Ar-implanted

amorphus Si layer fitted with a multiplayer model to show the presence of surf li f If-i . lanted sili h b
a-Si (layer Il) over the ion-damaged layer (layer Ill). Symbols show the uriace swelling of sefi-ion-implanted silicon has been

experimental data, solid line shows the fitted data in each case. Inset showdnvestigated as a function of ion dose, energy, implantation
the multilayer model used for the fitting using effective mass approximation. temperature and post-implant annealing conditions. Implan-
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